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(54) Optical fiber for reducing optical signal reflections

(57)  Attenuation of an optical signal (25) at the end
(43) of an optical fiber (21) is achieved by positioning a
high absorption region (24) at the end of the fiber. Afirst
embodiment teaches a highly doped annulus (24) within
atapered end (5) of the fiber. The highly doped annulus
about the light transmitting core (22) serves to absorb
light at the end of the fiber. The light transmitting core
of the fiber is reduced in diameter due to the tapering,
causing the field of light to expand beyond the core. The

highly doped annulus is in proximity to the core due to
the tapering. The annulus, which is preferably heavily
doped with a rare earth such as erbium, absorbs the es-
caping light in sufficient quantities, both in the initial pass
through the tapered region and again upon reflection of
the light at the end of the tapered region, such that the
attenuation of the reflected light is within acceptable lim-
its without regard to the condition of the fiber's end sur-
face.
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Description

The present invention relates generally to optical
fibers, and specifically to an optical fiber that can be ter-
minated with de minimis reflection.

Optical fibers are widely used for transmitting opti-
cal signals because a near loss-less transmission can
be achieved under ideal circumstances. One such fiber
is a fused silica (SiO,) fiber having a core region doped
with an element chosen to alter the fiber's index of re-
fraction in that region, germanium being especially well
suited for this function. The index of refraction of the
pure fiber is typically 1.45, whereas the core region
doped with, for example, 1 percent germanium is 1.456.
As a consequence, light traveling down the core region
will reflect at the boundary between the doped core and
the pure silica rather than being transmitted through the
boundary, which leads to a communication of essentially
the entire signal from one end of the fiber to the other.

The fiber's core diameter is optimally related to the
designated light wavelength to be transmitted, where a
4 micron diameter equates roughly to an 800 nanometer
wavelength of light and a 10 micron diameter corre-
sponds to a 1550 nanometer wavelength of light. De-
pending upon the amount of germanium, the loss in a
1550 nanometer signal can range from 0.2 to 2 decibels
per kilometer of fiber.

The fiber just described is a passive fiber in that it
merely communicates an input signal from one end to
the other. In addition to communicating optical signals,
special fibers can also generate a light source by intro-
ducing an excitation signal into a specially doped fiber
which in turn causes the fiber to emit a light character-
istic of the dopant. These "active" fibers can be doped
with one or more of the rare earth family of elements
such as erbium or neodynium. For discussion purposes
we will describe a fiber doped with erbium, although it
is to be understood that the invention covers a fiber
doped with any of the elements which have similar char-
acteristics to those described herein. When erbium is
pumped with a laser at the appropriate wavelengths, it
emits a light in the 1530 to 1560 nanometer (nm) wave-
length. Other dopants include neodymium which emits
at 1.06 micron and praseodynium which emits inthe 1.3
micron region. An erbium doped fiber will comprise ap-
proximately 50 to 500 parts per million (ppm), which is
between 0.05% and 5% of the concentration of germa-
nium in the passive fibers.

When an erbium doped fiber is supplied with a
source of energy being pumped into the fibel, such as
for example a 1480 nanometer (nm) laser diode, the
electrons in the erbium absorb the energy and jump to
a higher energy state. The stored energy is eventually
released leading to a growing cascade of 1550 nm light
traveling down the fiber. This light can be used to power
an optical component such as afiber gyro. The fiber gyro
typically includes a detector to measure the electrical
voltage generated by the incoming light. The electrical
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voltage is demodulated and the light output is meas-
ured, and the system is then adjusted based on the
measurements. A product of the operation of the fiber
gyro is that some of the 1550 nm incoming light is re-
flected from the fiber gyro back down the erbium fiber.
Itis estimated that approximately between 0.1% and 4%
of the original light is reflected back into the erbium fiber
under normal conditions.

This reflected light enters the erbium doped region,
which acts as a high gain device. Light which enters the
fiber travels through it until it reaches the far end of the
fiber, where the light is partially transmitted and partially
reflected back down the fiber into the erbium doped re-
gion. The feedback from both the fiber gyro and the re-
flection at the fiber can create an unstable condition for
the high gain EDF. If the end of the fiber provides a low
reflectance of the incident light, such as less than 10°8,
then the system will generally be stable and perform-
ance will not degrade. However, if the reflectance of the
incident light is greater than 104, oscillations will occur
which will degrade the output to the point where the sys-
tem becomes unproductive. The problem, then, is to at-
tenuate the amount of reflected light to at least less than
105 and preferably to less than 106,

The index of refraction is approximately 1.45 for the
fiberand 1.0 for air. Atypical internal reflection for a fiber
end cut perpendicular to its axis would yield a 4% reflec-
tion or 4x102. This reflectance is well outside normal
operating parameters for fiber systems and quickly re-
sults in detrimental oscillations in the system.

To decrease the reflectance at the end of afiber, the
fiber 10 may be cleaved at the end 12 at approximately
15 to 20 degrees, as shown in Figure 1, which can de-
crease the reflectance to appropriate limits under ideal
conditions. Light (indicated by arrow 14) traveling in the
core 20 reaches end 12, and some light 16 is transmitted
through the fiber while other light 18 is reflected back
into the fiber. However, the light 18 reflected back into
the fiber is deflected to a steeper angle due to the incli-
nation of the end 12. This causes the light to exit the
core 20 because the light 18 can no longer reflect down
the core 20. This occurs because propagation of the re-
flected light does not occur if the light incident on the
core interface is greater than approximately 4 to 5 de-
grees. Reflectance on the order of 106 can be achieved
by this method only under ideal conditions.

The problem with this solution is that it is difficult to
achieve a smooth cut in a fiber that is only 80 microns
to 125 microns in diameter. Aberrations in the cleaved
surface can result in excessive light being reflected back
down the fiber, which leads to feedback. Moreover, even
if a smooth surface is created initially, installation of the
fiber often leads to damage at the surface where hackles
of chips can develop and accumulate. Furthermore, it is
impossible to verify the integrity of the surface of the fib-
er's end until the fiber is installed in a system and the
electrical output from the fiber gyro is demodulated. If
the fiber turns out to be unsatisfactory, the entire system



3 EP 0 880 038 A1 4

must be disassembled and the fiber refinished or re-
placed, at considerable expense to the user. The inabil-
ity to verify the condition of the fiber's end until the sys-
tem is assembled and operating is a major drawback of
the prior art.

To protect the cleaved fibers, it is known to insert
the end into a precision capillary glass tube having an
inner diameter just slightly larger than the outer diameter
of the fiber, which serves to protect the end of the fiber.
Epoxy is added tofill the gap so that the fiber end is less
susceptible to jarring or damage. This process is expen-
sive, and fibers are frequently damaged in the process
of insertion into the glass tubes. Once inserted into the
glass tube, there is still no assurance that the fiber will
perform properly until the system is assembled and the
output is checked. Reassembling and disassembling
the system also leads to damaged fibers, and the use
and testing of the fibers becomes a prominent cost of
the system.

What is needed in the art is an optical fiber which is
not dependent upon the condition of the end surface or
the quality of the cleave in order to achieve the desired
reflectance conditions.

The object and general purpose of the present in-
vention is accomplished by a fiber having a light trans-
mitting core in proximity with a region of high absorption
of light at the terminating end, preferably coupled with
an increase in the amount of light escaping through the
core region. The high absorption region attenuates a
high percentage of the light traveling in the core prior to
the interaction with the end of the fiber. Of the small
amount of light which escapes this high absorption re-
gion, only approximately 4% of the light will reflect at the
boundary back into the fiber. This reflected light is again
subject to the same high absorption region upon its re-
flection. Absorption can be achieved by doping a region
adjacent the core with a substance which will absorb the
wavelength of the light being emitted by the core region.
For example, an annulus heavily doped with erbium and
surrounding the erbium doped core will cause all light
incident on the annulus to be absorbed and converted
to heat. By varying the concentration of the dopant, the
length of the absorption region, and the geometry of the
fiber in the absorption region, the light which survives
both encounters with the absorption legion (initially and
upon reflection) can be controlled to fall within a desired
reflectance limit.

The exact nature of this invention, as well as its ob-
jects and advantages, will become readily apparent up-
on reference to the following detailed description when
considered in conjunction with the accompanying draw-
ings, in which like reference numerals designate like
components throughout the figures thereof, and where-
in:

FIGURE 1 is a cross sectional axial view of a prior
art optical fiber with a cleaved end ;
FIGURE 2 is a cross sectional axial view of an op-
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tical fiber of the present invention in afirst preferred
embodiment;

FIGURE 3 is a cross sectional radial view of an op-
tical fiber of the present invention in the first pre-
ferred embodiment;

FIGURE 4 is a cross sectional axial view of an op-
tical fiber of the present invention in a first alternate
embodiment; and

FIGURE 5 is a cross sectional radial view of an op-
tical fiber of the present invention in a second alter-
nate embodiment.

The following description is provided to enable any
person skilled in the art to make and use the invention
and sets forth the best modes contemplated by the in-
ventor of carrying out his invention. Various modifica-
tions, however, will remain readily apparent to those
skilled in the art, since the general principles of the
present invention have been defined herein specifically
to provide an optical fiber for reducing reflected light to
within predetermined limit at predetermined locations
along the fiber or at an end of the fiber.

A first preferred embodiment of the present inven-
tion is illustrated generally in Figures 2 and 3, which
show an axial cross section and a radial cross section
of a fiber 21 having both a core 22 and a secondary re-
gion 24. The fiber 21 can also be divided into a signal
transmitting portion 30 and a signal attenuating portion
50. The core 22, like in the prior art fiber, causes light to
be transmitted down the fiber, with a small percentage
of the light traveling through the core escaping out of the
perimeter of the core. The core 22 will typically contain
at least 1% germanium and will also be doped with a
rare earth dopant, such as erbium for example, in the
"active" region of the fiber (not shown). The erbium con-
centration can be anywhere from between 50 to 500
ppm or more to obtain a desired strength of the gener-
ated optical signal.

The fiber 21 is tapered at the signal attenuating por-
tion 50, which causes the core to narrow and also caus-
es the secondary region 24 to encroach on the core 22.
As shown in Figure 3, the core 22 and the secondary
region 24 remain essentially concentric throughout the
tapered region 50. In the signal transmitting portion 30
of the fiber 21, a signal 25 traveling towards the end 43
of the fiber is essentially contained within the core 22,
although a small amount of light is transmitted into the
intermediate region 38 between the core and the sec-
ondary region. This light, referred to as the evanescent
tail, does not result in an appreciable energy transfer
into the intermediate region 38 along the length of fiber
prior to the tapered region, and hence there is no signif-
icant attenuation in the signal transmitting region 30.

The secondary region 34 contains a heavily doped
composition of erbium or other element which creates
a light absorbing medium for the wavelength of light sig-
nal in the core. The family of rare earth elements have
been shown to be especially suited for this purpose.
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Quenching is understood to be the total absorption of
incident light and occurs at high concentration levels of
the dopant. For erbium, quenching in the secondary re-
gion 24 requires a concentration of erbium of at least
between 0.1% to 1%, causing any light escaping
through the core to be absorbed. Since only, attenuation
is desired at the end of the fiber, in the region 30 the
spacing 19 between the core 22 and the secondary re-
gion 24 is sufficiently large such that the secondary re-
gion 24 has no effect on the signal traveling in the core.
For example, if the evanescent tail extends 1 to 2 mi-
crons into the intermediate region 38 then the gap 19
between the core 22 and the secondary region 24 is
preferably 8 to 10 microns and the secondary region 24
is completely isolated from any light escaping from the
core 22.

At the tapered end 50 of the fiber 21, the secondary
region 24 is brought closer to the core as the gap 19 is
reduced. The reduction in the diameter of the core in
this region causes more light to escape the core into the
intermediate region 38 as the evanescent tail expands.
The result of the narrowing core and the proximity of the
secondary region is the secondary region intersecting
the periphery of the evanescent tail in the attenuating
portion 50 of the fiber. Due to the quenching effect of the
doped secondary region 24, the light emanating from
the core is absorbed by the secondary region, which at-
tenuates the optical signal in the core. The more light
escaping from the core, the more attenuation of the op-
tical signal occurring in the secondary region.

As the core 22 narrows further, almost all of the light
will escape out of the core 22 as the core's diameter 40,
which has been reduced from a maximum of 10 microns
at the beginning of the tapering to a minimum of 2 to 3
microns at the end of the taper for example, can no long-
er accommodate the 1550 nm wavelength light traveling
through it. The reduction in the fiber's diameter 40
through the tapered region 50 is approximately 4:1 for
example, so that a 10 micron core diameter will be re-
duced to a 2.5 micron core diameter and the 10 micron
gap 19 initially between the core 22 and the secondary
region 24 is reduced to 2.5 microns. The initial penetra-
tion of the evanescent tail of to 2 microns will expand to
5 to 10 microns in the narrowest section of the taper,
and the absorption rate along the narrowest part of the
tapered legion 50 can be on the order of tens of percent
per centimeter of fiber length.

Any light which is not absorbed reaches the end 43
of the fiber 21, where it will be either transmitted out of
the fiber or reflected back along the core 22 through the
tapered region 50. If each pass in the high absorption
region results in losses translating to a 103 transmis-
sion, even a 100% reflection at the end 43 of the fiber
21 will still be within the acceptable limits of 106, As a
consequence, the prior art importance of the angle and
finish at the end of the fiber is now eliminated. When the
tapering operation is complete, there is no other inspec-
tion that needs be performed. If desired, the tapered fib-
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er can be mechanically reinforced using traditional rein-
forcement procedures. One such procedure is to secure
the fiber's end to a slide with epoxy and placing a tube
over the slide to protect the fiber. There is no longer a
need tofit the fiber into a capillary tube where splintering
can occur. Moreover, the ability to use a plain slide as a
support is a vast improvement over the prior art. The
protective tube is easy to handle and less likely to be
damaged than a capillary tube. Alternatively, a tube may
be placed over the untapered fiber end and the combi-
nation stretched simultaneously to yield a finished, me-
chanically protected fiber termination which is both du-
rable and reliable.

The present invention solves another problem as-
sociated with the transmittal of light along a optical fiber.
Cladding modes refer to the propagation of light in the
intennediate region, or "cladding", 38 of the fiber, which
occurs as light escapes from the core 22 and reflects
between the outer boundary of the fiber. The phenom-
enon results in detrimental interference and distortion of
the signal in the core. Cladding modes are diminished
in the optical fiber of the present invention by the ab-
sorption of the stray light in the intennediate region by
the doped secondary region. As the propagating light
encounters the quenching region, the light becomes ab-
sorbed by the doped material and the propagation of the
undesirable light is significantly reduced or eliminated.

Tapering of the fiber preferably occurs in the glass
softening temperature range. Methods currently in use
for fused biconnical tapered couples may be used to ef-
fect the taper. The plastic range allows the stretching or
tapering to occur while the cross section of the fiber re-
mains proportional. It is also conceivable that the sec-
ondary region occurs only in the absorption region since
it has no effect on the operation of the fiber outside of
this region, although for practical purposes the entire
length of the fiber is manufactured with the secondary
region.

Although erbium has been used as an example of
a suitable dopant, it is to be understood that any material
which satisfies the principles described above can be
used. Each of the rare earths are believed to work as
dopants to varying degrees depending on the desired
wavelength of output power. Other dopants include neo-
dynium, yttrium, and praseodymium, although this list is
not exclusive. The dopant in the secondary region is
chosen to absorb the wavelength propagating in the
core legion.

Furthermore, although an annulus is depicted as
the shape of the secondary region in Figures 2 and 3, it
is to be understood that many geometries are possible
which, when brought in proximity to the core region, will
provide the absorption necessary to achieve the objec-
tives of the present invention. For example, Figures 4
and 5 illustrate alternate embodiments depicting cross
sections having two cylindrical regions 72a,b and two
wedge-shaped regions 73a,b, respectively, disposed
adjacent the core 22a,b which would produce the same
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effect when brought in proximity with the core as the pre-
viously discussed annulus. The surrounding of the core
need not be "total" but only "partial” to effect the present
invention as long as the secondary regions 75 are suf-
ficiently large with respect tothe core regions 76 to effect
the desired quenching. One skilled in the art could en-
vision many other suitable geometries which would ef-
fect the present invention other than those explicitly dis-
cussed herein, and the present invention is intended to
include all such geometries. For example, other possi-
bilities included concentric annular rings and multiple
cylinders or wedges, and the invention is not limited to
particular set of geometries.

Itis also to be understood that the present invention
can be used to reduce or attenuate an optical signal at
any desired location along the fiber and is not limited to
the end of the fiber. A tapered or necked region can be
implemented at any desired position and the fibers can
easily be manufactured to include the highly doped sec-
ondary region throughout the fiber. Hence, should an at-
tenuation of the optical signal be required at some loca-
tion other than the end of the fiber, the fiber can be ta-
pered using the above described methods at the desired
point of the fiber, and the present invention will be ef-
fected at that point as the secondary region is brought
in proximity with the core region as the core region is
reduced.

it will be understood that the embodiment described
herein are merely exemplary and that a person skilled
in the art may make many variations and modifications
without departing from the spirit and scope of the inven-
tion. All such variations and modifications are intended
to be included within the scope of the invention as de-
fined in the appended claims.

Claims

1. Animproved optical fiber for reducing optical signal
reflections from an end, said fiber comprising:

a doped core; and
a doped end section surrounding said core for
absorbing light emanating from said doped

core.

2. Animproved optical fiber for reducing optical signal
reflections from an end, said fiber comprising:

a doped core;
a doped annulus about said doped core; and
an end section tapered to locate said doped an-

nulus closer to said doped core for absorbing
light emanating from said doped core.
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3. The improved optical fiber of Claim 2 wherein said
doped core and said doped annulus includes a con-
centration of erbium.

4. The improved optical fiber of Claim 3 wherein said
concentration of erbium in said doped core is ap-
proximately between 50 and 500 parts per million,
and said concentration of erbium in said doped an-
nulus is at least 1000 parts per million.

5. The improved optical fiber of Claim 4 wherein said
doped core further comprises germanium in con-
centrations of approximately one percent.

6. The improved optical fiber of Claim 2 wherein said
doped core and said doped annulus includes a con-
centration of neodymium.

7. The improved optical fiber of Claim 2 wherein said
doped core and said doped annulus includes a con-
centration of yttrium.

8. The improved optical fiber of Claim 2 wherein said
doped core and said doped annulus includes a con-
centration of praseodymium.

9. An improved optical fiber having a signal transmit-
ting core, said improvement directed to a terminat-
ing portion of said fiber adapted to attenuate reflec-
tion of an optical signal traveling in said signal trans-
mitting core, said optical fiber comprising:

a tapered portion; and

a light absorbing region spaced from said signal
transmitting core, said light absorbing region
outside an optical field of said optical signal pri-
or to said tapered portion, and within said opti-
cal field of said optical signal at said tapered
portion.

10. The improved optical fiber of Claim 11 wherein said
light absorbing region comprising a concentration
of a rare earth metal in sufficient amounts to quench
light emanating from said core.

11. The improved optical fiber of Claim 12 wherein said
light absorbing region comprises erbium.

12. An optical fiber comprising:

a light transmitting section including a core sur-
rounded by a glass medium; and

a light attenuating section forming a narrowed
core section therein, said light attenuating sec-
tion including a generally annular region within
said glass medium and about said narrowed
core section comprising a light absorbing sub-
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stance adapted to absorb light emanating from
said narrowed core section.

An improved optical fiber for reducing light propa-
gating in a non-core region of the fiber comprising:

a doped core; and

a doped region surrounding the core, said
doped region selectively absorbing the light
propagating in the non-core region.

The improved optical fiber of Claim 13 wherein said
doped core and said doped region surrounding the
core include concentrations of a selected rare earth
metal.

The improved optical fiber of Claim 13 wherein said
doped legion comprises an annulus about the core.

The improved optical fiber of Claim 13 wherein said
doped region comprises a plurality of wedge
shaped regions about said core.

The improved optical fiber of Claim 13 wherein said
doped region comprises a plurality of cylindrical re-
gions about said core.
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